Almost all eukaryotic mRNAs possess 3 ends with a polyadenylate (poly(A)) tail. This poly(A) tail is not encoded in the genome but is added by the process of polyadenylation. Polyadenylation is a two-step process, and this process is accomplished by multisubunit protein factors. Here, we comprehensively compare the protein machinery responsible for polyadenylation of mRNAs across many evolutionary divergent species, and we have found these protein factors to be remarkably conserved in nature. These data suggest that polyadenylation of mRNAs is an ancient process.
Introduction
Almost all eukaryotic mRNAs have a poly(A) tail at their 3 ends, with the most notable exception being histone mRNAs. The process by which mRNAs acquire a poly(A) tail is termed polyadenylation. Polyadenylation is a tightly coupled, twostep process that first endonucleolytically cleaves the premRNA and subsequently adds an unencoded poly(A) tail (reviewed in [1] [2] [3] [4] [5] [6] [7] ). Poly(A) tails serve the mRNA in many ways, aiding in mRNA translation, facilitating transport from the nucleus to the cytoplasm, and promoting stability [8] [9] [10] [11] [12] . The addition of the poly(A) tail is a highly coordinated event, requiring cooperation from both cis-acting RNA sequence elements and trans-acting protein factors to complete the process [13, 14] . Alternative or regulated polyadenylation likely requires further cooperation and integration of efforts.
Two sequence elements in mammals serve as the core polyadenylation elements: the AAUAAA or a variant, and a U/GU-rich element located downstream 10-30 nts of the actual site of polyadenylation ( Figure 1 , [15, 16] and references therein). The cleavage site, where the poly(A) tail is added, is located in between these two sequence elements and is often a CA dinucleotide, but it has some variability ( [15] and references therein). The AAUAAA element serves as a binding site for the CPSF (cleavage and polyadenylation specificity factor) complex, a complex of four subunits, while the U/GU-rich element binds the CstF (cleavage stimulation factor) complex, a trimeric complex of proteins ( Figure 1 ). Yeast polyadenylation signals have a slightly different composition but bind similar protein complexes with slightly different orientation.
The protein factors that make up the basal polyadenylation machinery in mammalian cells were purified, isolated, and cloned by many laboratories in the 1990s (including [17] [18] [19] [20] [21] [22] [23] ). Additional proteins that influence or regulate polyadenylation have also been identified over the past decade or more (including [24] [25] [26] [27] ). Many of the basal polyadenylation factors from mammalian cells, and some additional factors, have been shown to have orthologues or homologs in other organisms. A report has compared the mammalian polyadenylation machinery with that of the protozoan Entamoeba histolytica [27] ; however, no comprehensive study has been undertaken to compare and contrast the polyadenylation machinery from a number of different species. Here, we have compared basal polyadenylation factors from human to species ranging from mouse to plants and archaea and have found most of them to be remarkably conserved. These findings are consistent with the universal eukaryotic nature of mRNAs having a poly(A) tail. different species that are shown in Table 1 . Using the NCBI protein-protein BLAST (blastp, version 2.2.25), we compared the human polyadenylation factor protein sequences to homologous sequences present in the other species through the nonredundant database (nr). The highest ranked protein with a bit score of 50 or greater was chosen as the homolog. These proteins were compared to the human factor in question by the number of amino acids present in the homolog relative to the human factor, as well as by amino acid alignment of the same or similar amino acids.
Domain Comparison.
The NCBI conserved domain database was used to find the domains in each of the human polyadenylation factor proteins as well as known published human domains. The presence of these domains was determined in each of its corresponding homologs. The domains were aligned using the same parameters of comparison as the whole protein comparison.
Results and Discussion
By comparing basal polyadenylation factors from a phylogenetic perspective, we can gain insight into functional and mechanistic differences that may exist in different species. We have compared and contrasted polyadenylation factors from a number of different species for their overall homology and percent identity relative to human, as well as for their similarity in specific protein domains. The species we analyzed from mouse to archaea are shown in Table 1.  Tables 2 and 3 show the specific locus name for a given Human polyadenylation factor homologs were found for most of the species with the major exception of archaea and yeast (Tables 2 and 3 ). Archaea only had homologs in the CPSF complex. A polymer "A" tail is not found in H. volcanii [28] . In some archaea, a random copolymer tail is added by the exosome or PnPase [29] . Therefore, most of the human polyadenylation factors evolved after archaea. Both yeast species did not contain homologs for the entire CFIm complex and CSTF1 (Table 3 ). This emphasizes a major difference in yeast and human polyadenylation (reviewed in [1, 13] ). CFIm is involved in early steps of polyadenylation and recruits other polyadenylation factors [14, 30, 31] . This is achieved by NUDT21 binding to a UGUA sequence [32] . The Hrp1p complex in yeast likely plays a similar role as CFIm. Hrp1p binds to the polyadenylation enhancer element [33] and interacts with RNA14 and RNA15 [34] . RNA14 and RNA15 are homologs of the CSTF2 and CSTF3 human proteins. Therefore, Hrp1p may abrogate the need for CSTF1 and CFIm complex in yeast.
The malaria mosquito (Anopheles gambiae) did not contain any poly(A) polymerase homologs ( Table 2) . This is most likely due to missing gene annotation because the yellow fever mosquito (Aedes aegypti) and southern house mosquito (Culex quinquefasciatus) contain a poly(A) polymerase homolog.
Humans have gene variant forms of CSTF2, PABPC, and PAPOLA that are tissue-specific. CSTF2T (CstF-64 tau) is expressed in the testis and brain and is found in meiotic and postmeiotic germ cells where CSTF2 is inactivated [35] . This variant was only found in the human and mouse species. Cytoplasmic PABP has two cell-specific isoforms, PABPC3 and PABPC4. PABPC3 is found in the testis and has a lower binding affinity to RNA [36] , and PABPC4 is inducible in T cells [37] . Both of these proteins are found in mouse and the eudicot plants. PABPC4 is also found in chicken, trypanosomes, and eudicot plants. Poly(A) polymerase has a testis-specific gene variant form, PAPOLB [38] . Homologs are also found in mouse and plants. PAPOLG homolog was only found in mouse. The human gene variant homologs of PABPC and PAPOLA found in plants emphasize the difference in plant and human polyadenylation (reviewed in [39] ). Thale cress contains at least eight isoforms of PABP and four isoforms of PAP [40, 41] . Homologs for most tissuespecific human polyadenylation factors are more recently evolved since homologs are only found in mouse.
Humans have several isoforms of the polyadenylation factors FIPI1L, CSTF1, and CSTF3 (Tables 2 and 3 ). Multiple isoforms of these factors were not found in any of the other species. The NUDT21 complex contained the most evolutionary conserved multiple isoforms with isoforms only in Drosophila, T. cruzi, and eudicots. Drosophila has the most species-specific isoforms for human factors CPSF1, CPSF2, CSTF1, NUDT21, and PAPOLA, but there is generally only one isoform of these factors in the other species. Therefore, isoforms of some polyadenylation factors are not evolutionary conserved and often their function is species specific.
We concluded from this comparison that human basal polyadenylation factors are quite well conserved evolutionarily with the exceptions of archaea and some yeast factors, tissue-specific gene variants, and protein isoforms.
We next further analyzed the identified homologs of the human polyadenylation factor protein sequences to see how stringently the factors were conserved by two different means: conservation of protein length and conservation of the amino acids in the alignment with the same or a similar amino acid (Table 4) . These analyses were performed using the NCBI databases and BLAST alignment tools.
Protein length can change through evolution by many mechanisms, including insertions, deletions, and transposable elements. The general belief is that protein length increases through evolution [42] . While there tends to be a protein lengthening from E. coli to yeast, nematode, and humans, species of fungi, animals, and plants tend to have a conservation of protein length [43] . The majority of the polyadenylation factor homologs remained within 20% of the same size as the corresponding human polyadenylation factor (Figure 2) . CSTF2, FIP1L1, and PABPN1 shortened as the species became evolutionary more diverse and the yeast homologs are ∼50% of the size of their human counterparts. The PCF11 protein length was relatively conserved evolutionary down to purple sea urchin but nematode, There are specific species that do not follow the evolutionary trends. In insects, purple sea urchin, and plants, the protein lengths of the homologs tend to increase in size dramatically when protein length is not conserved. CSTF3 homologs in plants and mosquito are seven times larger than the human protein. While more uncommon, there are some truncated proteins within these species. For example, the CPSF1 homolog in rice and the CPSF3 homolog in purple sea urchin are ∼25% of the human protein length (Figure 2) .
The protein length of the chicken homologs of CPSF1 and NUDT21 provides evidence for some errors in the species gene annotation. The chicken CPSF1 homolog is only 5% of the length of human CPSF1 (Figure 2 ) and is not large enough to be a functional human homolog. Zebra finch (Taeniopygia guttata) and wild turkey (Meleagris gallopavo) have CPSF1 homologs that were about 75% the size of Figure 3 : Conservation of protein sequences in polyadenylation factors. The protein sequence for each factor or complex of the human basal polyadenylation machinery was compared to the homologous factors in each species to determine how much of the protein sequence is changed.
the human protein (data not shown). Therefore, it is likely that the chicken CPSF1 gene annotation is incorrect. The chicken NUDT21 homolog is three times larger than the human homolog. The zebra finch (Taeniopygia guttata) NUDT21 homolog is 110% the size of the human protein length. The chicken autocrine motility factor receptor (AMFR) is annotated incorrectly and contains two genes: the human NUDT21 and AMFR human homologs.
We concluded that while most of the polyadenylation machinery was similar in protein length as compared to the corresponding human proteins, there were some significant differences in either direction in insects, purple sea urchin, and plants. Also, some homologs did show a lengthening trend in proteins through evolution from yeast to human.
Another way to determine the conservation of polyadenylation factors is to determine how the amino acid CPSF3 contains a YSH1 domain that contains the lactamase, beta-caspase, and RNA-metabolizing metallo-beta-lactamase (RRMBL) domains. CPSF73-100 C is the conserved C-terminal domain of CPSF3. CPSF2 contains the lactamase, beta-caspase, and RRMBL domains. CPSF4 contains a protein-protein interaction YTH1 domain that contains five zinc finger domains. FIP1L1 contains an acidic, conserved, proline-rich, RD repeats and arginine-rich domains involved in protein-protein interactions.
sequence has changed through evolution. The protein sequence that aligned to the human polyadenylation factor identity was compared to determine how many amino acids were the same or similar. We performed this analysis by aligning the two protein sequences in NCBI and recording the percent positive. As to be expected, most of the factors decreased in similarity as the comparison was performed from mouse to yeast and plants. Most of the factors retained at least 40% of the human amino acid sequence (Figure 3 ). PPP1CA and PPP1CB, which are homologous factors of the yeast polyadenylation factor GLC7, were surprisingly the most conserved among all the factors with at least 90% positive identity. To further look into the phylogenetic comparison, protein domains present in the human basal polyadenylation factors were compared to the domains present in the homologous factors in other species using the same methods as we used in analyzing the whole protein. This analysis with published human domains can help verify homologs and determine if the polyadenylation factors retain their same function(s) throughout evolution. The same protein domains were found in many, but not all, of the homologous factors.
CPSF1 (CPSF-160) has four domains found in human (Figure 4) . The CPSF A domain was found in all the homologous factors. The CPSF A domain is a region that may be involved in RNA/DNA binding but its function is unknown. The beta-propeller domains were found in all the homologs except the truncated rice homolog. The beta-propeller domain contains five propeller repeats and Figure 5 : Conservation of protein sequence between the protein domains of the CPSF subunits. The amino acid sequence of human CPSF subunits and domains were compared to the homologous factor protein and domains in other species.
is required for RNA binding in the yeast homolog [44] . Two RNP type binding motifs are present in CPSF1 and may be involved in RNP binding [45] . These motifs were evolutionary conserved down to trypanosome. None of the domains amino acid sequences were more conserved than the entire CPSF1 ( Figure 5 ). CPSF3 (CPSF-77) has five highly conserved domains (Figure 4) . The YSH1 domain is the yeast homolog of CPSF3 which contains the entire metallo-beta-lactamase domain. Many metallo-beta lactamases are zinc-dependent nucleases [46] , and CSPF3 is the predicted pre-mRNA 3 end processing nuclease [47, 48] . The lactamase B domain contains four out of the five canonical metallobeta-lactamase sequence motifs. RNA-metabolizing metallobeta-lactamase (RMMBL) domain contains the fifth motif. B-caspase is a cassette inserted between the fourth and fifth beta-lactamase motifs. The B-caspase and lactamase domains form an interface around the active site [48] . The CPSF73-100 C domain is the conserved C-terminal region of CPSF3. These domains were found in all species examined except the purple sea urchin, Trypanosome (T. cruzi), and archaea. These species had missing domains due to the fact that the homologs were truncated. Except for CPSF73-100 C, all of the domains amino acid sequences were more conserved than the entire protein in all species excluding archaea ( Figure 5) . Therefore, the domains within the CPSF3 protein, except for the sea urchin homolog, may be conserved to maintain the endonuclease function. CPSF2 (CPSF-100) is similar to CPSF3 and both proteins share all but one domain (Figure 4 ). CPSF2 is an inactive nuclease with an inability to bind two zinc molecules [48] and its function is unknown. Trypanosomes are missing the entire metallo-beta lactamase domain. Sequence conservation of these domains is only slightly higher compared to the entire protein ( Figure 5 ).
The CPSF4 (CPSF-30) protein has YTH1, zinc knuckle, and five zinc finger domains (Figure 4) . The YTH1 domain is the yeast homolog of CPSF4 and encompasses all five zinc fingers. This domain was found in all species analyzed. The zinc knuckle CCHC motif aids in binding to polyU RNA [49] . This domain was absent in plants and yeast homologs. Two zinc knuckles are present in trypanosomes and Drosophila. Zinc fingers are involved in protein and RNA interactions [50] . All five zinc finger CCCH motifs were found in most of the species examined with four motifs present in fission yeast and three in plants and mosquito homologs. The second zinc finger domain is most conserved in yeast and is lethal when deleted [50] . This conservation was also maintained with at least 90% positive identities in all the species, except trypanosomes and plants which maintain at least 70% positive identity ( Figure 5 ). Yeast homologs have all five zinc finger CCCH motifs; however, excluding the second zinc finger domains, none of the zinc finger domains maintained more than 65% positive identities to human. The zinc knuckle domain (when present) and multiple zinc finger motifs are highly conserved and may maintain the ability of CPSF4 homologs to bind to RNA.
FIP1L1 has four domains involved in protein-protein interactions, and these domains are present in most species (Figure 4) . The acidic domain binds to PAP [51, 52] . An acidic domain was found in all species except rice. The conserved region is found in all the species and interacts with CPSF4 [52] . The pro-rich domain function is unknown but was found to be evolutionary conserved to nematode. The Cterminal portion of FIP1L1 is made up of RD repeats and an arginine-rich region; it binds to CPSF1 and to U-rich RNA [52] . These two domains were found in all species except trypanosomes, plants, and yeast. None of the domains amino acid sequences were conserved more than the entire protein ( Figure 5) . However, the presence of these domains suggests that the FIP1L1 homologs retain their binding ability to PAP and the CPSF complex, while the interaction of FIP1L1 directly with RNA may be lost in trypanosomes, plants, and yeast.
CSTF1 (CstF-50) has two domains, WD40 and a dimerization domain ( Figure 6 ). The WD40 domain has seven beta-transducin repeats, and deletion of this domain in CSTF1 reduces binding to CSTF3 [53] . This domain was found in all species analyzed. The conservation of amino acids of the domain was similar to the entire protein (Figure 7 ), but this is most likely due to the domain comprising 75% of the entire protein. The dimerization domain is involved in homodimerization of CSTF1 [53, 54] ; this domain can also bind to the CTD of RNA polymerase II (RNA pol II) [55] . The dimerization domain was present in all species except for trypanosomes and plants. Therefore, all the CSTF1 homologs may bind to the CSTF2 homologs or a similar protein. Plants and trypanosome CSTF1 homologs may not self-dimerize or associate with RNA pol II.
CSTF2 (CstF-64) has five domains: an RNA recognition motif (RRM), hinge, MEARA/G, pro-rich, and CTD domains ( Figure 6 ). The RRM is involved in sequencespecific RNA recognition [53, [56] [57] [58] . Within this domain are two RNP binding motifs. All the species examined contained the RRM domain and RNP motifs. Trypanosomes have only the second RNP motif. The RRM domain is conserved more than the entire protein in all species examined except nematode, trypanosomes, and yeast ( Figure 7) . The hinge domain is involved in protein-protein interactions with CSTF3 and SYMPK [53] . This domain is also involved in nuclear localization [59] . This domain is present in all species examined except trypanosomes, and the domain amino acid sequence is conserved more than the protein in all species except insects and yeast ( Figure 7 ). The CTD domain is a three-helix bundle and involves protein-protein interactions with CSTF2 and PCF11 in the yeast homologs [60] . The CTD domain is found in all species except trypanosomes. Before the CTD domain is a proline/glycine-rich domain (pro-rich) and a 12 repeat MEARA/G domain. The functions of these domains are unknown and they only are present in mouse and chicken homologs. Therefore, CSTF2 homologs may maintain the same functions except for the trypanosome homologs. CSTF3 (CstF-77) has three domains: HAT-N, HAT-C, and pro-rich domains ( Figure 6 ). The HAT (half-A-TPR) domain is a variant of the tetratricopeptide repeat (TPR) domain. CSTF3 contains 12 HAT motifs [61] . HAT-N contains motifs 1-5 and HAT-C contains motifs 6-11. The function of the HAT-N domain is unknown. The HAT-C domain is involved in many protein-protein interactions. This includes self-dimerization and interaction with the second beta-propeller motif of CPSF1 [61, 62] . Both HAT-N and HAT-C motifs are found in all species examined. The pro-rich domain interacts with the WD40 region in CSTF1 and the hinge region in CSTF2 [53] . This domain was found to be evolutionary conserved down to purple sea urchin but was not found in plants and yeast (Figure 7) . Therefore, most of the CSTF3 homologs may perform the same functions as the human counterparts. Plant and yeast CSTF3 homologs do not have the pro-rich domain and may not associate with CSTF1 and CSTF2 homologs.
The CFIm complex domains are very well conserved. CPSF6 (CFIm68) and CPSF7 (CFIm59) are very similar proteins and share their three domains: RRM, proline-rich, and RS domains (Figure 8 ). These domains were present in all CPSF6 and CPSF7 homologs. The RRM domain was the only domain where the amino acid sequence was more conserved than the entire protein ( Figure 9 ). The RRM domain of CPSF6 does not bind to RNA but is required to bind to NUDT21 [63] . The proline-rich domain may be a weak nuclear localization signal [63] . The RS domain is a dipeptide repeat region of RS, RE, or RD and associates with spliceosomal SR proteins [63, 64] . NUDT21 (CFIm25) has two domains: loop-helix and Nudix domains. Figure 9 : Conservation of protein sequence between the protein domains of the CFIm and CFIIm subunits. The amino acid sequence of human CFIm and CFIIm protein subunits and domains were compared to the homologous factor proteins and domains in other species.
These two domains form a complex to bind UGUA RNA sequence elements and eliminate the typical Nudix hydrolase activity [32] . These domains were found in all species except trypanosomes which do not have the loop binding domain. Therefore, the CFIm homologs may form a complex and perform similar functions as the human counterparts.
CLP1 contains three domains that are not more conserved than the entire protein (Figure 8 ). The N-terminal and central domains are found in all homologs examined. The C-terminal domain is only conserved evolutionary until insects. The central domain contains the Walker motif which binds ATP/GTP [65] . Clp1 is a kinase involved in tRNA splicing [66] . Therefore, the CLP1 homologs may have the same kinase activity. PCF11 has three domains, CTD interacting domain (CID), CLP1 binding domain (CLP BD), and two zinc fingers. These domains were slightly more conserved than the entire protein ( Figure 9 ). The CID domain is found in all homologs. At least one zinc domain was found in all species except nematode. Clp binding domain was found evolutionary conserved down to sea urchin and yeast. Budding yeast has additional unique features of a Q20 and RNA14/15 binding domain. PCF11 homologs maintain the CTD and some protein-protein interactions.
The nuclear and cytoplasmic PABP proteins contain well-conserved RRM domains that bind to the poly(A) tail ( Figure 10 ). PABPN1 has one RRM domain that is found in all the homologs. The RNP motifs are found in all species except thale cress. PAPBC1 has four RRM domains but not all of them are required for RNA binding [67] . These domain and RNP binding motifs were found in all species examined. The nematode homolog only contains three RRM domains. PABPC1 also contains a PABPC domain, which includes a MLLE motif and is involved in proteinprotein interactions [68, 69] . The PABPC domain was found in all homologs examined. The RRM and PABPC domains are more conserved than the entire protein in all species except for in trypanosomes ( Figure 11) . Therefore, the PABP homologs may retain the same functions as the human proteins with protein-protein interactions and binding to poly(A) sequences. SYMPK has three domains: SYMP-N, SYMP-C, and CstF binding domain, none of which are well conserved ( Figure 10 ). SYMP-N contains HEAT repeats that are involved in protein-protein interactions including Ssu72 [70] . SYMP-N is found in all homologs except for wine grape and budding yeast. The CstF binding domain binds to the hinge region of CSTF2 [71] . This domain was not found in mosquito, eudicots, or budding yeast. SYMP-C contains the domain involved in tight junctions [72] . This domain was found in all species examined except for yeast. Only the SYMP-C domain is more conserved than the entire protein ( Figure 11) . Therefore, the function of these homologs, especially in budding yeast, may be through different means.
PAPOLA homologs contain most of the domains except for the C-terminal domain (Figure 10 ). The domains present are the N-terminal, catalytic, central, NLS, Ser/Thr-rich, and C-terminal domains. None of the domains have an amino acid sequence which is more conserved than the entire protein ( Figure 11 ). The N-terminal domain contains the catalytic domain which is the nucleotidyltransferase [73] . The N-terminal as well as the central domain was conserved in all species. The entire C-terminal domain was only conserved in vertebrates. The Ser/Thr-rich regions are found in all homologs but the amino acid sequence is not conserved per se. This region is involved in protein-protein interactions [74] and can be phosphorylated to affect poly(A) polymerase activity [75] . Therefore, all the homologs may maintain the same polymerase activity as the human PAPOLA.
Taken together, protein domains present in the basal polyadenylation factors were for the most part very well conserved between species and therefore most likely maintain similar functions as the human polyadenylation factors. Figure 11 : Conservation of protein sequence between the protein domains of SYMP, PAPOLA, PABPN1, and PABPC4. The amino acid sequence of human polyadenylation factor protein and domains were compared to the homologous factor protein and domains in other species.
Conclusions
Comparison of the protein machinery involved in mRNA 3 end formation and how this machinery is conserved in a number of representative species reveals that positive selection has been imposed on retaining the salient functional features of most of the factors. Since humans diverged from yeast and plants approximately 1 billion years ago (990 million years ago for Drosophila and nematode, 31 million years ago for chicken, and 91 million years ago for mouse), it is apparent that polyadenylation of mRNAs is an ancient process indeed.
